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Abstract 

We analyze the process ep — > epcj) near the threshold within uud-ss cluster 
model as a probe of the strangeness content of proton. Our consideration 
is based on the relativistic harmonic oscillator quark model which takes into 
account the Lorentz-contraction effect of the hadron wavefunctions. We find 
that the knockout mechanisms are comparable to the diffractive production of 
vector-meson-dominance model when only (3-5)% strange quark admixture 
is assumed, which should be compared with (10-20)% of the nonrelativistic 
quark model prediction. The cross sections of the uud- and ss-knockout pro- 
cesses have qualitatively diff'erent dependence on the four-momentum trans- 
fer squared to the proton and may be distinguished experimentally. We also 
briefly discuss a way to determine the strangeness content of proton in 5-quark 
cluster model. 
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I. INTRODUCTION 



Conventional phenomenological quark models widely used for describing low-energy prop- 
erties of baryons treat nucleon as consisting of only up and down quarks; intrinsically, there 
is no strange quark in the nucleon. Considering the success of the constituent quark models 
|l|], it may come as a surprise when some recent measurements and theoretical analyses 
indicate a possible existence of a significant strange quark content in the nucleon. 

For example, analyses of the sigma term in pion- nucleon scattering suggest that about 
one third of the rest mass of the proton comes from ss pairs inside the proton. The EMC 
measurement of the proton spin structure functions in deep-inelastic muon scattering [^,^ 
has been interpreted as an indication of the strange quark sea ss strongly polarized opposite 
to the nucleon spin, leading to the conclusion that the total quark spin contributes little to 
the total spin of the proton. A similar conclusion^ has been drawn from the BNL elastic 
neutrino-proton scattering This has stimulated a set of new experimental proposals 

P] to measure the neutral weak form factors of the nucleon which might be sensitive to the 
strange quarks of the nucleon. 

One of the intriguing idea associated with a direct probe of the strangeness content of 
proton is to use meson production from proton P-[T^. Since meson is nearly 100% 
ss-state because of the u-cj) ideal mixing, its coupling to the proton is suppressed by the 
OZI rule. The main idea of this proposal, called OZI "evasion" process, is to determine the 
amount of the ss-admixture of nucleon, if any, by isolating its contribution in production 
processes. For example, ss admixture in the proton wavefunction allows contributions from 



"shakeout" and "rearrangement" diagrams in production from pp and pp collisions [|12 
Another idea is to use 0-meson lepto- and electroproduction from proton target as advocated 
by Henley et al. In this case, in addition to the diffractive production mechanism of the 

vector-meson-dominance model (VDM) we have contributions from the direct "knockout" 
mechanism. 

If we consider ss admixture of proton, we can parameterize the Fock-space decomposition 
of the proton wavefunction as 

\p) = Ao\uud) + ^Ax\uudX) + ^Bx\uudssX), (1.1) 

X X 

where X denotes any combination of gluons and light quark pairs of u and d quarks. Anal- 
yses of the production experiments can give estimates on Bx- For instance, investigation 
of pp annihilation by connected quark line diagrams estimates that the ss sea quark con- 
tribution to the proton wavefunction is between 1% and 19% [|l3l- In Ref. ]10|], by using 



the electroproduction its upper bound is estimated to be about 10-20%. To obtain this 
estimation, the authors used nonrelativistic quark model (NRQM) and calculated the cross 



section of the ss-knockout process. Because of the paucity of experimental data pi|,pr5[, it 



^For other interpretations of these experiments, see, for instance, Ref. 
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was compared with the VDM predictions^ However, as was pointed out by our previous 
pubhcation [1^ where a prehminary result was reported, the knockout contributions are 
closely related to the hadron form factors and in the considered kinematical region of 
production, the minimum value of is about 3.6 GeV^, where q is the three-momentum 
transferred to the hadron system. So it is clear that the value of the momentum transfer in 
this process is too large to use the NRQM because its predictions on hadron form factors 
are in poor agreement with experiment at > 0.3 GeV^. 

In this paper, we improve the work of Ref. |jlO[ by including relativistic effects based 
on the relativistic harmonic oscillator model (RHOM) [^^-^ which describes successfully 
the proton form factors in a wide range of q^. We also carry out the calculations for the 
■UMfi-knockout and its interference with the ss-knockout which were argued to be suppressed 
and left out in Ref. [|10| as well as for the ss-knockout. The calculations are done both in 
NRQM and in RHOM for a comparison. As in Ref. [jlO|, we will compare the cross sections 



of the knockout processes with the VDM predictions. However, this does not mean that 
the knockout mechanism should replace the VDM mechanism. The latter is present as a 
background of the knockout mechanism and our purpose is to determine a theoretical upper 
bound of Bx using electroproduction process. 

This paper is organized as follows. In the next section, we briefly review the general 
structure of the knockout and VDM differential cross sections and introduce the kinematical 
variables for (p meson electroproduction. Then in Sect. HI we discuss the proton wave- 
function of 5-quark cluster model. Section IV is devoted to the evaluation of the knockout 
process matrix elements within the non-relativistic harmonic oscillator quark model. In 
Sect. V we perform the calculations based on the RHOM which provides an explanation 
of the dipole-like dependence of the elastic nucleon form factor. This model, though 
probably it has not underlying physical significance, has the pleasant feature that basically 
all quantities of interest can be worked out analytically, and, in many cases, it allows un- 
derstanding of the qualitative picture of the reaction. The nontrivial role of the relativistic 
Lorentz-contraction effect is also discussed. In Sec. VI we briefly discuss a way to extract 
out the strangeness content of proton in an extended quark model. Section VII contains a 
summary and some details in the calculation are given in Appendix. 

II. KINEMATICS AND CROSS SECTIONS 

The one-photon exchange diagram for electroproduction is shown in Fig. |I[ The four 
momenta of the initial electron and proton, flnal electron and proton, the produced (p meson, 
and the virtual photon are denoted by k, p, k', p', q^f,, and q, respectively. In the laboratory 
frame, we write k = {E^, k), k' = {E'^, k'), p = {Ep,p) = (Mat, 0), where Mn is the nucleon 
mass, p' = {E'p,p'), q^ = (cj^, g^), and q = (z/, q), respectively. The electron scattering angle 
9 is deflned by cos 6' = k ■ k' / \ k\\k'\. We also denote the electron mass and mass by M^. 
and M(^, respectively. The other invariant kinematical variables are v = p-q/M^^ = E^ — E'^, 



^ The recent ZEUS experiment was done at very high energy, and is beyond the applicability 
of this work. 
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the minus of photon mass squared = —q"^, the four-momentum transfer squared to the 
proton t = {p — p'Y, the proton-virtual-photon center-of-mass energy W"^ = (p + qY-, and 
the total energy squared in the CM system s = {p + k)"^. We also use dimensionless invariant 
variables r], y and z defined as 



So, in the laboratory frame we have 

= 4Mj,[{r] + zy + 7]], z/ = 2Mjv(r/ + 2;), 
E'^ = MN + 2MNy, uJ4, = v-2MMy, s ^ MN{2Ee + Mm). (2.2) 

In terms of the conventional T-matrix elements Tjj, the differential cross section is given 

as 

A , ' ^ 2EpEe — ^ dfc' dp' dg^ 

^X{s,MlMjf) 27r 3 27r 3 27r 3 



and 



1 



|T/.P = 4 E l^/^l'' (2-3b) 



me,m I 



where rriij {rrie^e') and m<^ are the spin projections of the incoming and outgoing proton 
(electron) and outgoing meson, respectively, and 

A(x, z) = + y'^ + z^ — 2{xy + yz + zx). (2.4) 



Upon integrating Eq. ( |2.3| ) over non-fixed kinematical variables we find the triple-differential 
cross section of the electroproduction in the laboratory frame in the form of 

dV WE'^E'pU^ 1 



dWdQ'^dt 4M^|fc||g| (27r) 

where 

^dv3p' dv9q 



\Tf,\\ (2.5a) 



and ^p'^q are the corresponding azimuthal angles, respectively. 

The tree diagrams that could contribute to (f) electroproduction are illustrated in Fig. |^. 
In Fig. |^(a), the virtual photon turns into the (f) meson and then scatters diffractively 
with the proton through the exchange of a Pomeron. This VDM of diffractive production 
has been widely used to describe vector-meson photo- and electro-productions. It generally 
reproduces well the dependence of the cross sections for fixed W , but is not successful to 
account for the experimentally observed rapid decrease in the cross sections with increasing 



W . The double differential cross section predicted by the VDM is |TH] 
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where 



dVdif 



Tw{Q\W) 



{2Ti)Tw{Q\W)a^,,{Q\W), 



w 



(2.6) 



(2.7) 



which is related to the flux of transverse virtual photons in the laboratory frame 
(27r)rT(^, -Eg) (for fixed 6 and E'^ by Vw = J^t, with J being the Jacobian 
J{cos9,E'^;Q^,W) = W/{2Mis[EeE'^. Here, e is the virtual-photon polarization parame- 
ter 



1 



(2.8) 



{l + 2[(Q2 + ^,2)/g2] tan2(^^/2)}- 
As in Refs. ||l0| , p!5|l , we will work with the cross section cr((5^, W), which is predicted by 



VDM as |T5| 



TVmWm^)^^ + ^R^) exp(-&,| Wx(Q^) - Wx(O)l), 



(2.9) 



can 



where ct0(O, W) is the photoproduction cross section. The range of t (tmin < t < 
be obtained from cosOqpi = (p'^ + — qr^)/(2|p'| |q|) = ±1. The first part of ( |2.9|) represents 
the photoproduction cross section extrapolated to by the square of the (f) propagator. 
The second represents a correction to the virtual photon flux where p* is the virtual photon 
momentum in 7*p CM frame. Explicitly it is written as pB[] 



p;(o) 



(2.10) 



which can be approximated to unity in the large W limit. This term is a measure of the 
ambiguity in the model predictions ||l5| , p6| , and comes from a choice made in the definition of 
the transverse photon flux. The (1 + e/2(^) term corrects the cross section for the longitudinal 
component which is missing at = 0, and the exponential factor corrects for the fact that 
for a given W the physical range of t is smaller when > than its range at = 0. We 
fix the parameters following Refs. 0|15l as = 3.46 GeV^, = ^^Q^/M^ with = o.33, 
and a^(0, W) = 0.22 fib, which is fitted for W = 2.1 GeV. 

The t-dependence of the cross section can be obtained by assuming exp(6^t) dependence. 
This gives 



crdi{{Q',W,t)=a^,,{Q^,W) b^e 



b^[t-tmax(Q2)] 



(2.11) 



provided that exp(b^tram) is negligible p]| . 

Figure H(b) corresponds to the process where an ss pair is directly knocked out by the 
photon and Fig. ^(c) to the direct MM(i-knockout. It is also possible that the system would 
have some hadronic intermediate states like N and N* before and after the meson is emitted 
as shown in Fig. |^. These diagrams represent some of the rescattering effects and deserves 
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to be studied. However, we will focus only on the direct knockout mechanism of Fig. |^(b,c) 
in this paper and leave the other for future study. Instead of triple and double differential 
electroproduction cross sections d^a/dWdQ^dt and d'^a/dWdQ'^ for the knockout process, 
respectively, we will work with the cross sections (J^Q"^, W) and cr((5^, W,t) defined as 



W) = L (2-12) 



2TTTwiQ^,W) dWdQ^' 

The knockout amplitude Tji in the one-photon exchange approximation may be written 
in the most general form as 



- i(27r) V(p + q-p'- q^)Tf, = J^l/i.) ^ {k'\Jt\k) , (2.13) 



where ^/l./^'*^]^/ are the hadron and electron electromagnetic (e.m.) current matrix elements, 
respectively. The electron matrix element is given by 



k I J, , I / — 



M3 



e 



M2 

(fc), (2.14) 



\ E^Ei \ E,E^ 

where Um^ijtz) is the plane wave electron Dirac spinor (mg denotes the spin projection) 
normalized as uu = 1. The hadron e.m. current matrix element depends on the model for 
description of the initial and final hadron states \hij) and the form of the e.m. current 
operator Jj^. The additivity of the e.m. current in the quark model enables one to write the 



amplitude Tfi as 



Tj, = Tft + TJ^\ (2.15) 



where the first term describes the interaction of the e.m. field with the s and s quarks, i.e., 
the ss-cluster knockout, while the second one corresponds to the uuci-knockout. 

Then the squared amplitude consists of three terms which are the contributions of the 
ss- and MM(i-cluster knockout and the interference: 



T/iP = |Tff |2 + mf]"^ + |Tif p. (2.16) 



III. PROTON WAVEFUNCTION 

For simplicity and for our qualitative study, we approximate the proton wavefunction 
(O as 

\p) = A\uud) + B\uudss), (3.1) 

by absorbing the contributions from Ax terms into the coefficient A and keeping the leading 
order term in Bx types. The Ax-type terms must be present in the proton wavefunction. 
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However, as we shall see, the cross sections of the knockout mechanism for electroproduc- 
tion depends on {ABy, so that such an approximation may be justifiable in this process. 
We can further decompose the wavefunction as 

\p) = A\[uud]'/^) + B {aoliiuudf^ ® [ss]']'^^) + a^\[[uudY/^ ® [ssY]'/^)} , (3.2) 

where the superscripts denote the spin of each cluster. Then B^ is the strangeness admixture 
of the proton and Og and of correspond to the spin-0 and spin-1 fractions of ss cluster, 
respectively. They are constrained to A"^ + B"^ = + af = 1 by the normalization of the 
wavefunction. The symbol ® represents a possible orbital angular momentum between the 
two clusters. In the simplest picture, the s and s quarks are in a relative Is state with 
respect to each other with negative intrinsic parity. The uud cluster is also in a relative 
Is state with respective to the CM of the cluster. We also neglect a possible hidden color 
components, which was shown to be negligible in SU(2) 5-quark model |]25|. Therefore, the 



configuration ( p.2|) corresponds to r]s and meson "in the air" in proton wavefunction, where 
T]s {=ss) is the mixture of r) and t]'. 

Then to describe positive parity proton, the ss cluster should be in a relative P-wave 
about the CM with the uud cluster that is the "bare" proton. More complicated configu- 
rations are possible by allowing complex combinations. But we expect that the above two 
components give major contribution to the (p electropro duct ion. Also excluded is the higher 
spin states of uud cluster. For example, we may include spin 3/2 uud cluster. However, 
since the isospin of (p is zero, the uud cluster should have isospin 1/2. Experimentally ob- 
served states with i = 1/2, j = 3/2 are iV*(|") and iV*(|+) at 1520 MeV and 1720 MeV, 
respectively. Because of their heavier mass, their role is expected to be small and excluded 
in our study as in Ref. [pUfj. 

The spin-orbital wavefunction can be obtained by noting that the total spin J (with 
J = 1/2) is 

J — Jc~\~Jss~J uud ~\~ L -\- J gg, (3-3) 

where J uud is the spin of the uud cluster (jw = 1/2), J gg of the ss cluster (j^g =0,1), 
and L the relative orbital angular momentum (^ = 1). Therefore, we can write the spin 
wavefunction as 

\i = \,mi) = ^{\m' lmx\jcmc){3cmc 3g-gmgg\\mi)\\m')uud\3s-smgg) gg\lmx)t. (3.4) 

m's 

For jgg = 0, we have jc = | and 

\l,mi]jgg = 0) = "^{^m' Imx\lmi)\lmi)uud\0 0)gs\lmx)e- (3.5) 

m's 

And for jgg = 1, since jc can be either 1/2 or 3/2, we have 

\l,mi;jgg = 1) = X!^2ie '^mx\jcmc){jcmc lmsg\lmi)\^m')uud\lmgg)gg\lmx)e, 



Jc m s 



(3.6) 
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with bl + bl — 1. Finally, the spin-orbital wavefunction reads 

||,mi) = A\l,mi)) + B{ao\l,mi;jss = 0) + ai||,mi; j^g = 1)}, (3.7) 

where 1 1, rrii)) denotes the bare proton wavefunction. When combined with the flavor, spatial 
and color wavef unctions, this completes our proton wavefunction. 



IV. NON-RELATIVISTIC QUARK MODEL 
A. The model 



For the spatial wavefunctions of hadrons, we use the nonrelativistic harmonic oscillator 
quark potential model in this Section. If wc consider the proton wavefunction in 5 quark 
configurations, the spatial wavefunction is obtained from the Hamiltonian 

H^"^ - E +kj:{x,- x,f + k^{x, - x,f + k' (^^ - (4.1) 

i=l \ ^^^H) 1^7 = 1 i=l,2,3 

j=4,5 

where the labels i = 1,2,3 refer to the particles in the uud-clustei and i = 4, 5 to the 
ss-cluster, and Mj is the mass of i-th quark. In this work, we use Mq = = = 330 
MeV and Mg — 500 MeV. This Hamiltonian can be diagonalized by introducing Jacobian 
coordinates as 

^1^ ^{X2 + Xs-2Xi), ^2^^{X3-X2), p= VSix^-Xi), 

X^l{xi + X2 + Xs)-^{x^ + X5), R={Y.MiXi)/M^, (4.2) 

where M5 = ^. 3Mg + 2Ms. 

Then the spatial wavefunction ^'p';^(ri. r2. Ts. r 4. r-,) with momentum P and the pro- 
jection A of the orbital angular momentum £(=1), has the form 

*I?a(^i, ^2, r-3, r4, rs) = e'^' i2W\p)^x{x) = e'^-«^(^0^(6)^(p)^A(x), 

(4.3a) 

where the normalized radial wavefunctions are 

^(n,) = (^) e-^^-?, 

^a(x) = {-f) XAe-^^^^^ (4.3b) 

where ttj = ^1,^2, P and Qj represents They are normalized as / d^ttj |'0(wj)p = 

! d^x\'4^\{x)? = 1, and Xo = Xz, X±i = T(X:r ± '^Xy)/V^- The dimensional parameters are 

n\^^Ql^ = nl = 2{'ik + 2k')Mq, {k' + lk')Ms, n^^l2M^k', (4.3c) 



with = {QMqMs) /Mr^. The spatial wavefunctions of the bare proton and meson have 
the similar structure. 

We fix the dimensional parameters as in Ref. |T0[ by using the fact that they are related 
to the hadron rms radii. The wavefunctions ( [4.3|) give 

^ P X 

and we assume that $79 of the bare proton and of the are equal to and flp, respectively. 



By making use of the empirical values of \J{rp) (= 0.83 fm) and y (r^) (= 0.45 fm) and by 
introducing scaling factor c (=1.5) we get 

?\ = 1.81fm"\ y^ = 2.04fm-\ = 2.43 fm'^ (4.5) 

To obtain we assumed that the spring constant of x coordinate is the same as that of 
meson. 

We also use the additive form of the NRQM e.m. current; 

= E Jto, j'=i: jI (4.6) 

k=l k=l 

where 

{p'k\Jkfi\Pk) =ekSHp'k-Pk) 

(p'k\Jk\Pk) = ^ {p'k +Pk + i(Tk X (Pfc - Pfc)} , (4.7) 

in momentum space, where and are the charge and mass of the fc-th quark and p'^, 
(pfc) is its final (initial) momentum. 



B. ss-knockout 



The ss-knockout process is depicted in Fig. @(b). Because of the symmetric property 
of the spatial wavefunction and the current, it is manifest that only the jss = part of the 
proton wavefunction ^3.3J and the magnetic part of the e.m. current ( |^. ?| j can contribute. 
Then the T-matrix is obtained as 



i(NR) 



-\A*BaQ 



( 



V2Ma 



TV/ A 



E/f(im;lA||m.)(-l)-^(gx^). 



(4.8) 



where fig = Mjq/Mg and is a four- vector defined as 

A 



M2 



The spatial overlap integral /^^ in NRQM is defined as 



(4.9) 
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ir = %A-s{q)^T''\p'), (4.10a) 



where 

7, 



: J d^id6^r'(^i'^2)C"'(6,6), (4.10b) 

f3s,{q) = J dpe'^-f'/'r/ipWip), (4.10c) 
^'x''\p') = I dxe-P'-'^V^,(x). (4.10d) 



By making use of 



E = ^^,-J-F^\KK + K^u - g,u{k ■ k' - )], (4.11) 



for unpolarized case, we can obtain 



l^ir^l' = -{ABaoy^,T,,Fs,{q)Vs,ip') cos' f (/f + /f tan^ f) , (4.12) 

where 

/f = /^'^, /f = 2/i^[^ + (^ + ^)']- (4.13) 
The spatial integrals are calculated using (|4.3|) as 

^s-s = lis = 1, 
Fs-siq) = [PM? = exp [-qy{8Q,)] , 



This is the result derived in Ref. |I0| for the ss knockout process. Since it depends on t only 
through p'^ of Vss, one can see that the cross section is maximum near tmax by noting that 
p'^ increases as decreasing t. 

C. ittid-knockout 

As depicted in Fig. 0(c), the ss cluster is a spectator in this process. So only the jss = 1 
part contribute contrary to the ss knockout. The relevant amplitude reads 

jc,m',mc,X 

(4.15) 

where 



10 



puud ^ puud ^ -A^(2p' -q + i^iCTXq), (4.16) 

with /i = MN/Mq. The overlap integral Jjf"'^ reads 

IT' = luudl3uud{q)^f''\-q<t>), (4.17a) 

where 

7w = / dp^f(p)^f(p), (4.17b) 

/3w(g) = / d|id^2e-^v^''-«^V^f'^(^i,6)^r'(^i,6), (4.17c) 

^rVg^) = / dxe^'^^-^^A(x). (4.17d) 



Then we have the squared amplitude as 

Q 



= (^5«i)';^rwFw(g)K«d(q0) cos^ I (/r^^ + /^""'^sin^ f) , (4.18) 



where 



with 



jw^2(/x2 + c)[r^+(z + r7)2], (4.19) 



^ i2p'.q-q'), c=-^\{q\qlp''), (4.20) 



where X{x,y, z) is defined in Eq. ( p.4|) . The radial wavefunctions of NRQM give 

rwiid = luud ~ l' 

Fuudiq) = [/3uudiq)f = exp -g^/(3(]^) , 

Then the cross section depends on t only through of Kiu^. This shows that in contrary 
to the ss-knockout, the Mwd-knockout process gives its main contribution near tmm. 

D. gauge invar iance 



The electron e.m. current in ( |2.14| ) satisfies the conservation condition q^jf^ = 0. The 



^auge invariance implies the same condition for the hadronic current: 

q^jj: = 0. (4.22) 
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In general, however, this condition is not satisfied in inelastic scattering [^]. In our case, 
this condition is satisfied only in the ss knockout process since only the magnetic part of 
the e.m. current contributes. In uud knockout process, however, the convection current 
takes part in the process and the relation (|4.22|) is not obeyed. The breakdown of the gauge 
invariance is crucial at small because the matrix elements of q^Jj^ are proportional to 

The most commonly used technique of enforcing gauge invariance 
duction is to project out the gauge non-invariant part as 



TP|,|27[] in photopro- 



F' 



g2 



(4.23) 



This modification, however, is not adequate for the electroproduction, where the electron 
e.m. current cancels the subtracted part. 

A possible way for restoring the gauge invariance is to modify the longitudinal component 
of the current. Decomposition of the spatial component of the current ( [4.16|) gives the 
longitudinal part as 



eu 



(4.24) 



and we modify it as 



F[ 



eu 



(4.25) 



This ansatz restores the gauge invariance of the hadronic e.m. current. 

The modification ( [4.25| ) causes a change of /""'^ in the squared T matrix as 



euud ft 
Jl ~^ Jl 



uud 



1 



/i^ [v + iv + 



212 



+ 



(4.26) 



with others unchanged. This is equivalent to replace z/ by z/ in Eq. ( [4.19| ). Close inspection 
shows that the second and the third terms are negligible in the considered kinematical region. 
This leads to the conclusion that the main contribution to the uud knockout process comes 
also from the magnetic part of the e.m. current!^ 



E. interference 



From the T matrices of ss knockout ([4.8|) and of uud knockout ([4.15|) , we can obtain the 
interference between the two processes; 



T-T^\' = c-,^t{AB)'aoa,^T,^tFMVUp\ q<^) cos^ f {ff + tan^ |) , (4.27) 



Q 



One may modify the time component of the current to restore the gauge invariance. But it does 
not change this conclusion. 
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where 



and 



4 

973' 

= 2/i/.,[r/+(r/ + ^)^], (4.28) 



Tint TssTuMcf ) 



80p -|- 3fi-j|, 2\ 



^int(g) = Pss{q)(3uud{q) = exp( ^ "^ q 



V;«.(P'.,.) = 5E*f "'(pOK^V?*)]- = -I ( ^]"^J^e-<-"--i"-''. (4.29) 



Therefore, if we assume Qnt > 0, the interference between the two knockout processes is 
constructive when aoOi < and destructive when Oocti > 0. 



F. results 

For numerical calculations, we fix the incident electron energy as 11.5 GeV and 
W = 2.1 GeV throughout this paper. We also use the parameters of VDM and NRQM 
as determined before. The purpose of this study is to determine the coefficients of the 
proton wavefunction ( p.2| ), especially B^, by comparing the cross sections of the knockout 
process with the VDM predictions. For our qualitative study, we set 1/2 and 

bi = bs = l/\/2. Since the interference depends on the sign of UqUi, we give only its 
magnitude. 

Given in Fig. | is a(Q^ W) with (a) 5^ = 10% and (b) = 20%. The sohd line is the 
VDM prediction and the dotted, dashed, and dot-dashed lines are the contributions from ss 
knockout, uud knockout, and the interference, respectively. This shows that the knockout 
process is comparable to the VDM with B'^ = 10-20% at small Q^, say, Q'^ < 1.5 GeV^ [IlO 



It is also manifest that over the entire region of the contribution of the uud knockout 
and the interference are suppressed with respect to that of the ss knockout process. This 
is because of the strong suppression of the form factor Fu^d compared with Fgg, where the 
former involves (rl^u^) and the latter involves (r^j) . In general, the knockout cross section in 
NRQM falls rapidly with than that of VDM. This is mainly due to the strong suppression 
of F,,- w of NRQM. 

The t dependences of the cross section (T{Q'^,W,t) at = 0.02 GeV^ and 0.5 GeV^ 
are given in Figs. | and respectively. As discussed earlier, the ss knockout cross section 
increases with increasing t, whereas the uud knockout cross section decreases. One can find 
that at small and t ~ tmm, the three knockout cross sections have the same order of 
magnitude. However, except this limited region, the ss knockout process dominates the 
others. 
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V. RELATIVISTIC HARMONIC OSCILLATOR QUARK MODEL 



A. The model 



The RHOM first considered in Ref. [|T9| enables one to take into account the Lorentz- 
contraction effect of the composite particle wavefunction. This effect, which is essentially 
relativistic, becomes important at large and provides an explanation of the dipole-like 

dependence of the elastic nucleon form factor. Due to this advantage, RHOM has been 



widely used for description of the hadron properties at large momentum transfers |19-24 



in spite of some theoretical difficulties which are inherent in the model p0| , p8 
In RHOM, the spatial motion of a 5-quark system is described by 

^55 \ 

^ - ^ (x, - x,f + V^o U = 0, (5.1) 

where Kij and Vq are the usual harmonic oscillator model parameters, and = xl — with 
U = d"^ — V^. This equation can be diagonalized using the relativistic Jacobian coordinates. 



5 

X = X2 + x^) - ^{xi + x^), X = ^^Xi. (5.2) 

i=l 

In the rest frame, P = (Mq, 0), the ground state spatial wavefunction is written as [|l^ 

^SP ^ ^-iMoX./v^^n.d(^^^^^)^ss-(^)^^(^) ^ e-*^°^*/-^^(ei)V^(e2)V^(p)V^A(x), (5-3) 



and 

m = {^) eM-l^viv^ + ^% 
Mx) = (^) XAexp[-i^^(x? + X% (5.4) 

where v = ^1,^2, P and xo = Xz with x±i = T:^{Xx ± ^Xy)- They are normalized as 
/ d'*i;|'?/'(?;)p = / d^xlV^A(x)P = 1- The wavefunction with arbitrary momentum P can be 
obtained by replacing —{v'f + v'^) with 

Note that in the covariant wavefunction of a state with momentum P, the argument of the 
Hermite polynomials contains the component of the space-like four vector v^ — {P-v/Mq)P^. 
The wavefunctions of the three-quark proton and the (f) meson in the final state have the 
similar structure. 

In RHOM, the quarks are treated as spinless particles, so we have to introduce a model 
for the interaction of the quark spin with the external electromagnetic field. One of the 
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commonly used methods is to use the nonrelativistic electromagnetic current |T8|,|29|. The 
next order corrections can be included by Foldy-Wouthuysen transformation, if needed. An- 
other method is to develop relativistic generalizations p^^T| by assuming additional quark 
spinor structures of the intrinsic wavefunction and by keeping the additivity of the quark 
current. The models based on this approach, therefore, contains some specific assumptions 
which are not proved yet. Furthermore, we have to modify the current to satisfy the gauge 
invariance condition as in the previous Section. In this work, therefore, by remembering 
that the main relativistic effects come from the Lorentz contraction of the hadron intrinsic 
wavefunction [|T^], we use the following ansatz for the relativistic electromagnetic current, 

j fi "-^in,/! ~^ "^msLgj^i (5.6a) 

with keeping the additivity of the quark current. Here j^m,/^ obtained by the minimal 
substitution and written as 

5 

^Jmin,^, = Cj2ek (p'fc,^ + Pk,^^) , (5.6b) 

k=l 

in momentum space, where p'^^ and pfc,/^ are the final and initial 4-momentum of the k- 
th quark, respectively. The normalization constant C is determined by the condition that 
Jq = e when p'^ = pk, which gives C = 5/{2Mn) in our case. Jmag,fi takes part in the 
interactions of the quark spins with the external electromagnetic field and has the same 
form as in NRQM, 

5 

^ag,0 = 0, Jmag = 2^ ITI^^k X (Pfc - Pfc), (5.6c) 

k=l ^^^^N 

where the magnetic moment fik is defined as fiu,d = 1^ = M^/Mg and fig = M^/Ms as in 
NRQM. 

To determine the model parameters fij, we note that they are related to the hadron rms 
radii as 

{rlud) = (d-) = 4^^- (5.7) 

We fix Vt^ so as to reproduce the empirical proton magnetic form factor. Since this model 
predicts the proton magnetic form factor as 



G^Mm = + exp[-lQ^'Q\l + ^)-\ (5.8) 



we can find that yfi^ = 1.89 fm ^ fits the empirical dipole formula up to ~ 20 GeV. 
This gives the relativistic scale factor S^^^ = 1.57. It is interesting to note that this value is 



very similar to the nonrelativistic scale factor c = 1.5 used in Sec. IV. We fix ^Ip with 
c^^^^ as in NRQM calculation. All this process yields 



in^ = 1.89 fm-\ ^Jnp = 3.02 fm'^ (5.9) 
The parameter fl^ will be discussed in the next subsection. 
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B. ss-knockout 



Because of the structure of the current ( |5.6| ), the ss knockout amphtude has the same 
form as in NRQM, 

Tir^ = -lA*Bao (^) E^f A|>.)(-in(q x A).^^. (5.10) 

The only difference hes in the spatial overlap integrals, Xff, defined by 

Jf = 7,,/3,#^\ (5.11a) 

where 

7.. = / d%d% rf'^'ip; 6, e2)C"'(p; ei, 6), (5.11b) 

Ps-s = J d'pe^^'-'r/iq^p; pWAp; p), (5.11c) 

^2?(pO = / d^xe^^-(v^^'-v^-VA(j>; X). (S.lld) 



In the relativistic case, the overlap integral Pss depends not only on q'^{Q^, W) but also on 
t since the intrinsic wavefunction depends on q^. The integral is also dependent of t 
through p' dependence of the intrinsic wavefunction of the final state. 
Then the spin-averaged amplitude squared is 

^JF¥ = l{ABao)'^,ts-sFs,Vs,{p') cos^ f {gf + ^^f tan^ f ) , (5.12) 

where 

gf = f^'sV, gf = 2/^'[^ + + zfl (5.13) 

which are the same as fl% of the NRQM. The overlap integrals can be calculated as described 
in Appendix. From Eq. ( p. Ill ), we have 

fs-s = (7ss-)' = (1 - ^^) 



where 



3 A 



ql = q^—^ + z/2 f 1 - ^^^] . (5.15) 
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The momentum distribution Vss{p') is related to the outgoing proton momentum as in 
NRQM, but the normahzation is different from Vss{p') of NRQM because of the normal- 
ization condition of the intrinsic wavefunction and an additional integration over the time 
component of x- NRQM, we have the usual physical normalization, i.e., one baryon 
number per unit volume. We keep this condition in the relativistic case by renormalizing 
Vss{p') as 

Vs,{p') = 1, (5.16) 



(27r) 

which gives the final form of Ks(p') as 



^ = r . . (5-17) 



(27r)3 "^"^ Jdp'vs.ip' 
with 

Vssip') = p"exp{-lQ~\p'^ - IMmE'^)}. (5.18) 

We fix the parameter so that Vss{p') approaches to the NRQM result with p'^ <^ Mf^. 
This gives = Ifi^^^-* by comparing with the expression given in ( ^.14{ ). With the value 
determined in Sec. IV, we get 



= 2.63 fm-\ (5.19) 



C. titifi-knockout 

By the same way, we can obtain the amplitude of the uud knockout process as 

Ti^i^ = iA*Ba, ^■.(im'l A|j,me)Oemelm^|imO(|m.HF7'^|imOXr''^^ (5.20) 

jc,m' ,mc,\ 

With the current ( ^.6|) , F^""^ becomes 

= e/o, r""' = eU,, + x q, (5.21) 

where 

/..-^(.-2,, + |p'). (5.22) 

As in NRQM, this amplitude does not satisfy the gauge invariance. So we modify the 
part of /min which is parallel to q to satisfy qf^FI^'^'^ = 0. This gives 
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The overlap integral X^"*^ is defined as 

Xr' = 7w/3wV^S,\(g0), (5.24a) 

where 



7w = J d'pr/iqf, pWip; P), (5.24b) 

Puud = I d%d% e'Vl^-^^rf'^'ip'; 6, 6)C"'(p; 6, 6), (5.24c) 

V^SA(q0) = / d^xe^^-(v^^"V^^^VA(p; X). (5.24d) 



The squared matrix element is, therefore, 



-,4 



iTiJ^^P = (Ai?ai)2^fwFw(g)K„d(g0) cos^ f (^^r + ^72"'sin^ f j , (5-25) 



where 



= ry/i^ 1 + ^-^ + I 1 



/o ^ 25 c / , 2(r/ + ^) 



/i2 [v + {v + 9 \^ 1 + 2?/ y j ' 

.-^2,^|„.„^.fl{l.f^(lH-Hi!LL£))j, (5.26) 

with c defined in (|4.2CI|) . By analyzing the numerical values of g^"^"^ we can find that g^"^^ ~ 
juud^ This means that the magnetic part of the e.m. current gives the main contribution as 
in NRQM. 

By making use of the formulas given in Appendix, the overlap integrals can be calculated 

as 

J- uud vyuud) I I ; 

Fund = Wuudf = (1 - 7^r'exp[-ql/i3Q^)], (5.27) 



where 



2M^ 



As in the ss knockout case, they depend on t as well as on and W. In Eq. ( p. 251 ), 
Vuud{q<i)) is defined as | Z^a |V'w,aP is normalized as in V^g(p'), i.e., 

^ K„.(q0) = Tl^^^^^^^%^, (5.29) 



(27r)3 /dq<^fw(q9i)' 
with 

t^w(g0) = qlexp{-ln-\ql - fM^tu^)}. (5.30) 
Note that it contains factor | while Vgg has |. 



D. interference 



The interference between the two knockout processes are obtained as 



l^lf^P = Cint(A5)2aoai-^fi„tFintVInt(p', Q^) cos^ f [qT' + tan^ f 



where 



and 



(61 + 



3J, 



2/i/i,[r/ + (r7 + 2;)2] = /. 



2 ) 



Tint 'fss'tuud 
Fint 



f^ssl^uud ~ Tint GXp 



8fi, 



-4 



N 



(5.31) 



(5.32) 



(5.33) 



where is the normahzation constant which can be derived from the normahzation condi- 
tions of Vss and Vuud- As in NRQM, Vint has overall (— ) sign. 



E. results 

The main difference between the NRQM and the RHOM lies in the overlap integrals due 
to the similar structure of the electromagnetic currents. In RHOM, the overlap integrals, 
Tss, ^uud are smaller than 1 (= Tss,uud) over the whole area of t. This effect is stronger in 

than in T^ud and becomes larger at small (large) t for Tgs (Xuud)- This holds also for Vgs 
and Vuud- In this case, however, the suppression is stronger in Vuud than in Vs- These bring 
some suppressions of the RHOM amplitudes. 

However, such suppressions are of order of 10 at most and they are compensated and 
dominated by strong enhancement of Fgs^uud that contain the wavefunctions of the struck 
quarks. The dependence of the amplitudes is mainly determined by Fss,uud- In RHOM, 
they depend on the effective momentum transfers, qf and g|, as defined in ( |5.15| ) and ( p. 281 ). 
Figure 1^ shows the t-dependence of 2 ^t = 0.5 GeV^. One can find that 2 always 
smaller than and the suppression becomes larger at large (small) t for qf {q"^). This results 
in enhancement of Fgg and Fuud, which is strong enough to dominate over the suppression 
of the other overlap integrals. As a result, the RHOM amplitudes are enhanced as a whole. 

Displayed in Fig. || is the RHOM predictions of a{Q'^,W) with = 3 and 5%. We 
find that the RHOM prediction exceeds the NRQM ones and the difference reaches several 
orders of magnitude. This is mainly because of the new functional dependence of Fss,uud 
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in RHOM. This relativistic modification of form factors is more crucial for Fund due to the 
fact that the rms radius of uud cluster is larger than that of ss cluster. Only at small 
the RHOM result is close to NRQM one. As in NRQM, we can find that the ss knockout 
process is the dominant one. The uud knockout and the interference are small. As a result, 
we can find that because of the strong enhancement of the form factors the cross section of 
the knockout process is comparable to that of VDM only with 5^ = 3 ~ 5 



^0. 



In Figs. P-pH] we present the t-dependence of the cross section a{Q , W,t) at Q = 0.02 



GeV^, 0.5 GeV^, and 1.0 GeV^, respectively. The RHOM gives strong enhancement of the 
uud knockout cross sections. Because of the suppressions of form factors at small t, the 
ss knockout cross section is smaller than the NRQM one at small t and Q^, where the 
enhancement of Fgs is small. However as increases, we can see that the ss knockout cross 
section is comparable to VDM one at large t. At small t, the uud knockout is the dominant 
one and exceeds even the VDM prediction near t^i-a_. The effect of the interference is small 
and is suppressed as increases. 

Note that our result is based mainly on the Lorentz contraction effect of the wavefunction 
and is not sensitive to the models of hadron electromagnetic current in the relativistic model. 
For instance, if we compare a{Q'^,W) of the ss knockout with that of Ref. which is 
obtained with relativistic hadron electromagnetic current of Ref. [|19|, the main difference 



between the two comes from an additional kinematical factor of the amplitude. However, 
the two predictions are close to each other within the accuracy of the model. 



VI. STRANGENESS COEFFICIENTS OF THE PROTON IN QUARK MODEL 

We have seen that the (f) electroproduction cross sections are very sensitive to the 
strangeness coefficients oq, and oi of the proton wavefunction ( p.2| ). The coefficient 
BaQ is directly related to the ss-knockout process and Bai to the uud-knookovX. The pur- 
pose of this study is to determine theoretical upper bounds of these coefficients by comparing 
the cross sections of the knockout process for the (f) electroproduction with the experimental 
data. Because of the shortage of the data, however, it will be interesting to estimate them in 
other phenomenologically successful models at the present stage. In this Section, we briefly 
discuss a way to extract the strangeness coefficients of the proton wavefunction, i.e., 5^, 
from an extended quark model using some results of the cloudy bag model. 

When we take into account (3g) {qq) admixture in the proton wavefunction as well as the 
conventional 3g-structure, we can write the physical proton wavefunction as 

I = ^ I ^po) + E ^BM^ I ^S^mV^Bm), (6.1) 

B,M 

where ifjp^ is the conventional 3-quark proton wavefunction, ip^ and are the baryonic core 
and mesonic cloud wavefunctions, respectively, with yj^^^ describing their relative motion. 
A is the antisymmetrizer which guarantees the symmetry property of under interchange 
of quark labels. Then the quantities of our interests can be obtained as 

Bao = {poVs^povs I Bai = (po^sV^po^^ I ^p)- (6-2) 
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Hereafter, we use rjs and 0^ for and [ssY of ( p.2| ), respectively. Although the core 
and cloud wavefunctions, and t/^j,^ in (|6.1| ), can be any of the usual color-singlet baryon 
and meson or their resonances we expect that the main contribution comes from the 



combinations of the ground states |^ on energetic grounds. In addition, there can be 



hidden color combinations between them; i.e., ipn '■^^'^ t)e a wavefunction of a non-color- 
singlet particle which form a totally color-singlet proton state with a non-color-singlet meson 
cloud. However, in the nonrelativistic quark model , it was shown that the hidden color 
combinations contribute little to the physical proton wavefunction. Therefore, we neglect 
these combinations in our simple calculation. Aq, Asm, and (Pbm may be found from 
phenomenological models, e.g., by diagonalizing the nonrelativistic quark model Hamiltonian 
or from the chiral bag model. In our simple calculation, we will use the cloudy bag model 
, which has an advantage that the probabilities of the meson clouds can be read easily. 
As in most versions of the cloudy bag model, we will consider only the pseudoscalar octet 
meson clouds. To this end, we extend the work of Ref. MM by including the t] meson cloud 



as well. The probabilities of meson clouds are given in Fig. ^ as a function of the bag radius 
Rb- We can verify that the meson cloud effects are important at small bag radius and the 
roles of the K and rj clouds are much smaller than that of the vr cloud; The probability of 
K cloud is less than 4% and that of r] cloud is less than 0.5% in the region of Rb > 0.7 fm. 
Our method to estimate the strangeness coefficients is very similar to the determination 



of the Q-q configuration of the deuteron wavefunction ||2Jj3^ . As a specific example, let us 



consider the AK~^ combination of the proton wavefunction, which can be written as 

1p5g{AK) = ^(1 - Pij)i^A'^K+'^AK+, (6.3) 

1=1,2,3 

where N is the normalization constant and Pij is the permutation operator exchanging 
the color, spin-fiavor, and spatial coordinates of quarks in the core and the cloud; Pij = 
P^jP^fP,^. So the probabihty of {B'M') configuration in i)^q{AK) of (p]) is 



V{B'M') 





{B'M'ipB'M' 


^5,(Air)) 


2 


J2b,m 


{BMipBM 


^5, (Air)) P 



I 6b'a6m'k+ -QjB'M'ifB'M' I P34 I AK+ipAK+) I' 
Eb,m{| Sba5mk+ - 6{BM(fBM I Psi I AK+(fAK+) 



(6.4) 



Here we shall consider the case that {B, M) = (A_ft'+),(po, Vs),{po, (p)', the contributions of the 
other clusters are found to be negligible. 

Then it is straightforward to calculate the color exchange term as 

(^34) = i, (6.5) 
for all configurations. From the spin-fiavor wavefunction of the clusters , we obtained 

(AK+ I Pif I AK^) = ^, (6.6a) 

{poVs I Pif I = ^, (6.6b) 
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after some exercises. For the po(f) configuration, we liave two types of them because is a 
vector meson. When we write J c = J b + L which forms the total spin J (j = |) with the 
meson spin J^, then can be either | or |. We distinguish the two by representing 0j and 
(pl for [ssY cluster with = \ and jc = ^, respectively, which leads us to 

(po0^ I Pi/ I = ^, (6.6c) 

{po^l I Pif I AK+) = 0. (6.6d) 

Note that the recoupling coefficient between the po0s and AK^ is zero because of the struc- 
ture of the spin-flavor wavef unctions. 

For internal wavefunctions of the clusters, we use those of the harmonic oscillator poten- 
tial model: 

/O \3/2 /O 

<=(^) expi-lQsie. + e,)], <=(^) ^M-l^MP% (6.7) 



in terms of the Jacobian coordinates defined in ( [4.21 ). For simplicity, we assume that 
Mu=Mii=Ms and the same Qb (^m) for baryon (meson) clusters. After performing P^, the 
Jacobian coordinates transform as 

^2 ^ ^2 = ^27 



2^' 



X^x' = |x+^P+IVi^i. (6.8) 



Then we have 



{B'M'ipB'M' I Pu I ^K^VAK+) = J dxdx'^B'M'{x)Kix,x')VAK+{x'), (6.9) 

where 



K{X,X') = (y)' ((^f^)'^'^^P[-^i(^' + + • Xl (6.10) 



with g = Qm/^b and 



_6(]V + 2% + 3) 
- 25(3 + 8^) 

h. ^ '-^^^n.. (6.11) 
25(3 + 8^) ^ ' 



Finally, using the above informations, we get 

10 



{AK^ I ^,,{AK)) \^ = — \l-±J dxdx'y^AKAx)K{x,x')¥^AKAx') \', (6.12a) 

10 r 

{poVs I ^P,,{AK)) |2 = _ I _i^y dxdx'^povsixmx,x')VAKAx') \\ (6.12b) 

10 f 

{po<Pl I ^,,{AK)) |2 = _ I -^y dxdx'VpoMK{x,x')VAKAx') (6.12c) 

(po0f I ^5,(Ai^)) I' = 0. (6.12d) 
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For numerical calculations, we use the ^pBhiij) of the cloudy bag model, which read 

Ca \ ^ sinh(mA,/r)l 

cosh(mjv/rj > r < Kb-, 



^BM{r) = { 7^^^ . , ) (6.13) 



niMr \ tumt 



where rriM is the meson mass and the constants Ca,Cb are fixed by the relations [36 



Cb 


1/6-1 


Ca 


2 1^6 + 1 


Ca = 









e^^ + l 



with 6 = niMRB and 



fe-)-'. (6.14) 



/3=^Jo(f!)ji(fi). (6.15) 

jM 



Here, is the normalization constant of the bag, Jm the meson decay constant, and fl the 
eigenfrequency of the bag with spherical Bessel functions jo and ji. 

Using the radial wavefunction of ( |6.13| ), we can obtain the numerical results for the 



integrals of Eq. (|6.12|) , which leads to the probabilities of each cluster in ijj5q{AK) of ( |0| 
as 

V{AK+) ^ 1.0, 
V{poVs) ~ 2.7 X 10-^ 
V{po(l)l) ^ 8.0 X 10-^ 

P(po0^) =0.0. (6.16) 

We also carried out the calculations for other configurations: J^K, pof], T,*K, and Ar], 
and obtained similar results of Eq. ( p.l6| ); i.e., the recoupling effects are very small. Espe- 
cially, the probability of po0s is zero in ip^g^AK) and in ip^gCEK) because of the spin-flavor 
structure. By the same reason we have Vi^pocpl'^) = in ip^qijyf]), "PiPoVs) = 'P{Po(Pl) = 
in ip^g(T,*K), and VipQTjs) = V{po4>l'^) = in ip^g{Ari). All these results imply that (i) the 
strangeness coefficient Bao is approximately equal to the amplitude Ap^^ of (|6.1|) , of which 
square is estimated as < 0.5% in the cloudy bag model; (ii) the coefficient Bai is nearly zero 
when we consider only the pseudoscalar meson cloud. Therefore, to get more accurate value 
for Bai, it is necessary to know the probabilities and radial wavefunctions of the vector 
meson cloud. Inclusion of vector meson degrees of freedom in chiral bag, however, is still 
incomplete . 



VII. SUMMARY 

As a summary, we re-estimated the meson electroproduction from a proton target in 
uud-ss cluster model. Our calculation is based on the RHOM which takes into account the 
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main relativistic effect, namely, the Lorentz contraction of the composite particle wavefunc- 
tion. 



First, we confirmed the results of Ref. for the ss knockout process in NRQM. For the 
knockout cross section to be comparable to the VDM one, we have to assume 5^ = 10 ~ 20%, 
which is regarded as an upper bound of the strange quark content of the nucleon. Then we 
extended the calculation to the study of the uud knockout and their interference. We found 
that the uud knockout and the interference effect are dominated by the ss knockout and the 
magnetic part of the hadron e.m. current gives the main contribution. 

Next, we improved the model predictions by taking the RHOM which is successful in 
describing nucleon form factors in a wide range of q^. This successful description comes from 
the different functional dependence of the overlap integrals, which can explain the empirical 
dipole-type formula of the form factors. In this model we found that assuming only 3-5% 
admixture of the strange quarks in the nucleon can give a similar size of the cross sections for 
the ss-knockout and diffractive contributions. The cross sections of the RHOM are enhanced 
compared with the NRQM ones by an order of magnitude. As in NRQM, we could find that 
the main contribution of the amplitudes is from the magnetic part of the current. We also 
found that the t-dependence of the cross section of uud knockout is different from those of 
ss knockout and VDM. This strong difference may be useful in determining the ratio ao/'^i 
of Eq. ( |3.2| ) and can be checked in future experiments at CEBAF. 

Finally, we examined the strangeness coefficients of the proton wavefunction in quark 
model using the cloudy bag model predictions on the meson clouds. We found that the 
amplitude Buq is nearly equal to the amplitude of the r] meson cloud in the proton wave- 
function, which is predicted as less than 0.5% in the cloudy bag model. We can not infer 
the amplitude Bai unless we include vector meson clouds in the model. Nonetheless, this 
smaller value of may imply an important role of the VMD diffractive process of the 
electroproduction. Therefore, to distinguish the knockout and the diffractive contribu- 
tions, it will be useful to study other physically measurable quantities, such as polarization 



measurements 10,38 
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APPENDIX: 

In this Appendix, we calculate the overlap integrals in RHOM. Let us consider an overlap 
integral of the form 

d^xe"i-^^ljf{Pf,x)tlj,{Pf,x), (Al) 
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where ipijlPij; x) are the RHOM intrinsic wavefunctions of the composite two-particle sys- 
tems with 4- momentum Pjj, 



exp' 



vr 



X 



PiJ ■ Xx2 



)]}■ 



(A2) 



For our purpose we take Qi = Qf = Q and is an arbitrary 4-momentum. In the laboratory 
frame, Pj,^ = (Mj, 0) and P/^^^ = {Ef,Pf). This integral can be easily evaluated in the "/c- 
frame," where 



M, ' 2 ' 



with 



fc^ = 2Mj 



(A3a) 



(A3b) 



/ 



Then in the /c-frame the integration can be carried out straightforwardly and the overlap 
integral becomes 



^ = (1 + T^r' exp{-^[q'i + {q'l + q'iKl 



fc2 



2Mf 



2Mf 



(A4) 



where q'± and q'|| are the components of q' in the A;-frame, which are perpendicular and 
parallel to k, respectively. Transformation to the laboratory frame gives 



exp(-^geff), 



E 



f 



where 



Extending this result to an ra-particle system leads us to 



(A5) 



(A6) 



Ml 



exp(--ged 



(AT) 



which is used to calculate the overlap integrals in Sec. V. In the elastic scattering limit, 
where M, = Mf = M, = A{Pf - Pi)^ with a constant A, then Ef/M = 1 + Q'^/{2M'^) 
and Eq. (|A7|) is reduced to the well-known result [l^ 



(l + ^)^-exp(-i^,,^,) 



2M2- 



(A8) 



with Q2 = _(p^ _ p.y 
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FIG. 2. (a) Diffractivc meson production within the vector-meson-dominance model by 
means of Pomeron exchange; (b) ss-knockout and (c) uud-knockout contributions to (j) meson 
electroproduction . 
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FIG. 4. The Q^.^ependence of the cross section o-(Q^ W) at W=2.1 GeV and Ee = 11.5 GeV 
in NRQM with (a) B"^ = 10 % and (b) B"^ = 20%. The diffractive cross section is given by the 
sohd hne, the ss- and uud-knockout cross sections are by the dotted and dashed hnes, respectively, 
and the interference term is by the dash-dotted hne. 
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FIG. 5. The t-dependence of the cross section a{Q^,W,t) at W=2.1 GeV, Ee = 11.5 GeV, 
and Q2 = 0.02 GeV^ with (a) B^ = 10 % and (b) 5^ = 20%. Notations are the same as in Fig. |. 
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FIG. 6. The t-dependence of the cross section a{Q^,W,t) at W=2.1 GeV, Ee = 11.5 GeV, 
and Q2 = 0.5 GeV^ with (a) B"^ = 10 % and (b) B"^ = 20%. Notations are the same as in Fig. |. 
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FIG. 7. The t dependence of qf and in the RHOM overlap integrals at = 0.5 GeV^. 
The solid line is the value of q^, and the dotted and dot-dashed lines are and q2, respectively. 
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FIG. 8. The Q^.^ependence of the cross section o-(Q^ W) at W=2.1 GeV and Ee = 11.5 GeV 
in RHOM with (a) B'^ = 3 % and (b) 5^ = 5%. Notations are the same as in Fig. |[ 
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FIG. 9. The t-dependence of the cross section a{Q^,W,t) at W=2.1 GeV, Ee = 11.5 GeV, 
and = 0.02 GeV^ with (a) B"^ = 3 % and (b) 5^ = 5%. Notations are the same as in Fig. g 
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FIG. 10. The i-dependence of the cross section a{Q'^,W,t) at 1^=2.1 GeV, = 11.5 GeV, 
and Q2 = 0.5 GeV^ with (a) 5^ = 3 % and (b) B'^ = 5%. Notations are the same as in Fig. |. 
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FIG. 11. The t-dependence of the cross section a{Q^,W,t) at W=2.l GeV, Ee = 11.5 GeV, 
and = 1.0 GeV^ with (a) 5^ = 3 % and (b) B'^ = 5%. Notations are the same as in Fig. |. 
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FIG. 12. Prediction of the cloudy bag model on the probabilities of meson clouds in proton as 

a function of bag radius Rb (in fm). The solid line represents the probability of the bare proton, the 
dotted line the vr cloud, the dashed (dot-dashed) line the K (rj) cloud. The dashed and dot-dashed 
lines are exaggerated by 5 and 10 times, respectively. 
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